Ternary β-type Ti-10Cr-(V, Fe, Mo) alloys with self-tunable Young's moduli were subjected to solution treatment and cold rolling, and their microstructures and mechanical properties were investigated. During cold rolling, a band-like structure, which is considered to be {332}β<113>β mechanical twin, and deformation-induced ω phase are formed in alloys with certain chemical compositions. The number of bands increases with an increase in the cold-rolling reduction ratio and V content as well as with a decrease in Mo content. On the other hand, the Young's modulus increases during cold rolling, and the increase in Young's modulus is considered to be caused by the deformation-induced ω phase transformation. Furthermore, the tensile strength decreases slightly and the elongation tends to increase with an increase in the alloying element contents, while the effect of the V and Mo contents on the trend in changing the number of mechanical twin is opposite. These tensile properties are derived from the complicated factors among the plastic deformation mode, the type of mechanical twinning, and deformation-induced ω phase transformation, depending on the β stability and the kind of alloying element.
Introduction
Metals used for manufacturing orthopedic implants should be mechanically compatible with hard tissues. 1) Young's moduli of human bones are in the range of 10-30 GPa, 2, 3) but those of conventional metals used for orthopedic implants are much higher than that of the bone. For example, stainless steel (SUS316L) and even titanium alloys (Ti6Al-4V ELI) that are commonly used for orthopedic implants have Young's moduli of around 200 GPa and 110 GPa, respectively. [4] [5] [6] Accordingly, the load transfer between metal and bone is non-homogeneous, resulting in reduced stress stimulation in the bone (stress shielding effect). 7) Under such conditions, bone atrophy is likely to occur, leading to loosening of the metallic implant and bone refracture. Thus, in order to mitigate the stress shielding effect, metals with Young's moduli equal to that of bones are believed to be ideal for use in orthopedic implants. 1) Therefore, many new titanium alloys containing non-toxic elements and having low Young's moduli of around 40-60 GPa have been extensively developed over the past two decades. [8] [9] [10] [11] However, in the case of spinal fixation systems comprising metallic rods, screws, and plugs, 12) Young's modulus of the metal must be sufficiently low to avoid the stress shielding effect, but high enough to suppress springback, so that the devices can be better handled during operations, 13) as the space available for bending the rods is limited inside a patient's body. 14) Therefore, the authors have recently developed new types of titanium alloys whose Young's moduli are low before deformation, but increase during deformation (self-tuning of Young's modulus). For example, β-type Ti-Cr, 13, 15) Ti-Mo, 16) Ti-Zr-Cr, 17) Ti-ZrMo, 18) and Ti-Zr-Cr-Mo 17) alloys showed an increase in their Young's moduli after cold rolling. Furthermore, a deformation-induced ω phase was observed after cold rolling, and it is considered an essential factor for the increase in Young's moduli of the alloys. In particular, Cr and Mo were employed as the alloying elements because a deformation-induced ω phase transformation was previously found to occur in Ti-Cr 19) and Ti-Mo 20) alloys. On the other hand, the increase in Young's moduli due to deformation-induced ω phase transformation was also reported for Ti-V alloys, 21) though such alloys are not preferred for biomedical applications because of the toxic nature of V. 5) Additionally, it has been reported that the deformation-induced ω phase transformation also occurs in Ti-Fe alloys. 22) Furthermore, among all the alloys developed by the authors until now, a Ti-12Cr alloy has shown the largest increase in Young's modulus after cold rolling with a reduction ratio of 10%. 13, 15) Therefore, in the present study, the chemical composition of the base material was chosen to be Ti-10Cr-x, where x stands for the substitutional elements for Cr (V, Fe, and Mo). Then, the microstructures, Young's moduli, and tensile properties of these alloys before and after cold rolling were systematically investigated.
Experimental Procedures

Materials
Ternary Ti-10Cr-(2-6)V, Ti-10Cr-(1-2)Fe, and Ti10Cr-(3-6)Mo alloys (mass%) were prepared in this study. They are referred to as 2V, 4V, 6V, 1Fe, 2Fe, 3Mo, and 6Mo. Appropriate amounts of high-purity Ti sponge (99.7%), Cr lump (99.99%), V lump (99.7%), Fe wire (99%), and Mo wire (99.9%) were weighed as raw materials. The weighed materials were melted into ingots by non-consumable arc melting in a high-purity argon atmosphere. The ingots, which weighed 20 g each, were flipped over and subjected to three cycles of melting, cooling, and remelting. Then, five ingots were mixed to get a total weight of 100 g and then flipped over and subjected to three cycles of melting, cooling, and remelting again to ensure compositional homogeneity. Conventional chemical analyses were performed to determine the actual chemical compositions of the alloy ingots, as listed in Table 1 . All of the alloys are classified as metastable β-type titanium alloys in the range of Mo equivalent (Moeq) from 13.8 to 18.5 ( Fig. 1 and Table 1 ). The arc-melted ingots of the alloys were homogenized at 1 373 K for 21.6 ks in an argon atmosphere, followed by water quenching. The homogenized ingots were heated in an argon atmosphere and then hot-rolled into plates at 1 273 K in air. This was followed by air cooling. Subsequently, the hot-rolled plates were subjected to solution treatment (ST) at 1 123 K for 3.6 ks in vacuum, followed by water quenching. Finally, the solution-treated plates were cold rolled with a reduction ratio of 10% or 30% (CR10 and CR30) at room temperature.
Microstructural Analysis
The microstructures of the alloys were evaluated by Xray diffraction (XRD) analysis, optical microscopy (OM), and transmission electron microscopy (TEM).
For XRD analyses, specimens with dimensions of 10 mm × 10 mm × 1.5 mm were cut from the solution-treated and cold-rolled plates. The surfaces of the specimens were wetpolished using SiC waterproof papers of up to #1500 grit and then buff-polished using Al2O3 powder and colloidal SiO2 suspension. XRD measurements were carried out on the rolling plane in a scanning angle range 2θ = 30°-80°u sing a Cu-Kα radiation. The voltage and current were 40 kV and 40 mA, respectively, and a collimator with a pinhole diameter of 800 μm was employed. The oscillation area was 4 mm × 4 mm.
For OM observations, specimens with dimensions of 5 mm × 5 mm × 1.5 mm were cut from the solution-treated and cold-rolled plates. The surfaces of the specimens were wet-polished using SiC waterproof papers of up to #1500 grit and then buff-polished using Al2O3 powder and colloidal SiO2 suspension. Subsequently, OM observations were carried out on the rolling plane after etching with a 5% hydrofluoric acid aqueous solution.
For TEM observations, specimens with dimensions of 2 mm × 2 mm × 1.5 mm were cut from the solution-treated and cold-rolled plates. The surfaces of the specimens were wet-polished using SiC waterproof papers of up to #1500 grit and then buff-polished using Al2O3 powder and colloidal SiO2 suspension. After the thickness of the specimens was reduced to 0.03 mm by polishing, the thinned specimens were dimple-ground to a thickness of 0.01 mm and further thinned by ion milling. TEM observations were carried out on the rolling planes at an acceleration voltage of 200 kV.
Mechanical Test
The mechanical properties of the prepared alloys were evaluated by performing Young's modulus measurements and tensile tests.
Figure 2(a) shows the geometry of one of the specimens used for measuring Young's modulus. Such specimens, which were 40 mm × 10 mm × 1.5 mm in size, were cut from the solution-treated and cold-rolled plates. Their longitudinal directions were parallel to the rolling direction. The specimens for Young's modulus measurements were wet-polished using SiC waterproof papers of up to #1500 grit. Young's moduli of the specimens were measured at room temperature in air using a free resonance method. Measurements were performed in triplicate to minimize experimental errors.
Figure 2(b) shows the geometry of the specimen used in the tensile test. The tensile test specimens, with a width of 3 mm, thickness of 1.5 mm, and gauge length of 13 mm in the parallel parts, were machined from the solution-treated and cold-rolled plates. The longitudinal directions of these specimens were parallel to the rolling direction. The tensile specimens were wet-polished using SiC waterproof papers of up to #1500 grit. The tensile tests were performed at a crosshead speed of 8.33 × 10 -6 m s -1 in air at room temperature using an Instron-type machine. In these tests, the applied loads were measured by the load cell attached to the machine, and then, nominal tensile strengths were calculated by dividing the maximum loads by the cross-sectional area of the parallel parts of the tensile specimens. The strains were measured using a strain gauge attached to the parallel parts of the tensile specimens, and the nominal 0.2% proof stress values were obtained from the stress-strain curves. The elongations were obtained by measuring the gauge length of the tensile specimens before and after the tensile tests. The tensile tests were performed in triplicate to minimize experimental errors. Figure 3 shows the XRD profiles of the Ti-10Cr-(V, Fe, Mo) alloys subjected to solution treatment and cold rolling.
Results and Discussion
Microstructures
Only the β phase can be detected in the alloys. Furthermore, a strong {110}β peak is seen in the XRD profile of every alloy. These trends are observed in the alloys after both solution treatment and any kind of cold rolling; the crystallographic textures of the β phase are similar among the alloys after solution treatment and even after cold rolling with a reduction ratio of up to 30%. Figure 4 shows the optical micrographs of the Ti-10Cr-(V, Fe, Mo) alloys subjected to solution treatment and cold rolling. Among the Ti-10Cr-V alloys, only equiaxial grains are observed in 2VST, 4VST, 6VST, and 2VCR10. However, band-like structures can be observed in some grains of 4VCR10 and 6VCR10. These results imply that band formation is more difficult in 2V than in 4V and 6V. The formation of band-like structures progresses with an increase in the cold-rolling reduction ratio; the band-like structures are observed in a large number of grains in 2VCR30, 4VCR30, and 6VCR30. In the case of the Ti-10Cr-Fe alloys, the band-like structures are nearly absent in 1FeST, 2FeST, 1FeCR10, and 2FeCR10, but are formed in some grains of 1FeCR30 and 2FeCR30. With regard to the Ti10Cr-Mo alloys, only equiaxial grains are observed in 3MoST, 6MoST, and 6MoCR10, while band-like structures are observed in 3MoCR10, 3MoCR30, and 6MoCR30. These results reveal that the band-like structure is likely to form when the V content is higher, but the Mo content is lower in the alloys. Namely, the trend in the ease of the formation of the band-like structure in the Ti-10Cr-Mo alloys is the opposite of that in the Ti-10Cr-V alloys; its formation is less prevalent in 6Mo than in 3Mo. However, for any series of alloys, the number of bands in the grains increases with an increase in the cold-rolling reduction ratio. The formation of such band-like structures in β-type titanium alloys after cold deformation was observed in the previous reports; the bands were identified as {332}β<113>β 15, 16, 19) mechanical twins. Further, according to the XRD results, only the β phase and no deformation-induced α′ or α″ martensite were detected in any alloys after cold rolling (Fig. 3) . Therefore, the bands observed by optical microscopy in the cold-rolled Ti-10Cr-(V, Fe, Mo) alloys in the present study are considered to be {332}β<113>β mechanical twins. As representative TEM results, the electron diffraction patterns and key diagrams of 4VST and 4VCR30 are shown with spots attributable to the β phase ( Fig. 5(a) ). In contrast, after cold rolling, extra spots, which are indicative of ω reflections, are observed in addition to the β spots in 4VCR30 ( Fig. 5(b) ). This result indicates that deformationinduced ω phase transformation occurs during cold rolling. The ω phase could not be detected by XRD analysis, but the deformation-induced ω phase is evident from the TEM results. Figure 6 shows the bright-field image, electron diffraction patterns, and key diagram of 3MoCR10. In the brightfield image, a thin band can be characteristically observed for 3MoCR10 (Fig. 6(a) ). The electron diffraction patterns of the [113]β zone show both β and ω spots, indicating the formation of a deformation-induced ω phase during cold rolling in 3MoCR10 as well. However, according to the dark-field image, the deformation-induced ω phases are distributed characteristically in the thin band, whose size is different from that of the coarse band observed by optical microscopy ( Fig. 6(e) ). Such thin bands are formed in two directions, and the deformation-induced ω phases distributed in each thin band consist of different single variant (Figs. 6(c) and 6(d)); two variants of deformation-induced ω phase can be observed at the crossing point between two thin bands ( Fig. 6(b) ). According to the previous reports, a similar type of thin band including a single variant of ω phase was observed in β-type Ti-V, 23) Ti-Mo-Fe, 24) and Ti-NbTa-Zr, [25] [26] [27] and Ti-Mo 28) alloys, and its formation accompanies the {112}β<111>β mechanical twinning or {112}β<111>β slip. Figure 7 shows Young's moduli of the Ti-10Cr-(V, Fe, Mo) alloys subjected to solution treatment and cold rolling. Young's moduli of the alloys increase due to cold rolling. In particular, the increases in Young's moduli are large for 4V observed in 4V and 3Mo after cold rolling. Therefore, it is considered that the increase in Young's moduli of these alloys is caused by the deformation-induced ω phase transformation during cold rolling, as noted in our previous reports. 13, [15] [16] [17] [18] However, the manner in which Young's moduli of these alloys increase is classified into two types. In the first type, Young's moduli increase drastically even though the cold-rolling reduction ratio is small. In the other type, Young's moduli increase gradually with an increase in the cold-rolling reduction ratio. For example, 4V and 3Mo correspond to the former and latter type, respectively. According to the TEM results, both two variants of the deformation-induced ω phase were formed in the case of 4V (Fig. 5) . In contrast, thin bands including the single variant of the deformation-induced ω phase, which are considered to be due to {112} β <111> β mechanical twin, were observed in the case of 3Mo (Fig. 6) . Therefore, the manner of increase in Young's moduli is considered to depend on the type of deformation-induced ω phase formation. Further, according to our previous studies, the amounts of athermal and deformation-induced ω phases depend on the β stability of the metastable β-type titanium alloys. 15, 16) Because the amount of the athermal ω phase increases, the Young's modulus is higher at solutionized condition and then the amount of the deformation-induced ω phase decreases, resulting in relatively moderate increase in Young's modulus for the metastable β-type titanium alloy with lower β stability. On the contrary, for the metastable β-type titanium alloy with higher β stability, the amount of the athermal ω phase decreases so that lower Young's modulus can be obtained at solutionized condition. In this case, however, the deformation-induced ω phase transformation is also suppressed and then the total amount of ω phase is not so large at coldrolled condition. Therefore, the largest increase in Young's modulus due to cold rolling can be obtained at the intermediate chemical composition such as 4V (Mo eq =15.2) among the Ti-10Cr-V alloys. On the other hand, in the case of Ti10Cr-Mo alloys, the β stability is considered to be relatively high because of Mo eq =15.5-18.5. According to the previous reports, lower Young's modulus can be obtained when the β lattice is more unstable among the β-type titanium alloys comprising the single β phase. 10, 29) The results of microstructural analysis showed that both 3MoST and 6MoST comprise the single β phase. Therefore, the Young's modulus of 6MoST is higher than that of 3MoST. Further, because of higher β stability, the deformation-induced ω phase transformation is suppressed so that the increase in Young's modulus due to cold rolling is smaller for 6Mo than for 3Mo. Figure 8 shows the tensile properties of the Ti-10Cr-(V, Fe, Mo) alloys subjected to solution treatment. Among each series of alloys, the tensile strength tends to decrease slightly with an increase in the alloying element (V, Fe, and Mo) content. In contrast, the elongation shows the opposite trend: it tends to increase with an increase in the alloying element content. However, such increase in elongation is smaller for the series of Ti-10Cr-(V, Fe) alloys than that of Ti-10Cr-Mo alloys. According to the OM and TEM results, the {332}β<113>β mechanical twinning was considered to occur during cold rolling in all the series of alloys (Figs. 4-6 ). In the case of Ti-10Cr-V alloys, the {332}β<113>β mechanical twinning is likely to occur during cold rolling, and the ease in the occurrence of {332}β<113>β mechanical twinning increases with an increase in the V content (Fig.  4(a) ). It is reported that {332}β<113>β mechanical twinning increases the plastic deformation strain. 19, 30) However, a large amount of the ω phase decreases ductility, although the ω phase formation is likely to increase the strength of the alloy. 31, 32) Therefore, the elongation is considered to be determined by competition between the increases in the frequency of {332}β<113>β mechanical twinning and that of deformation-induced ω phase transformation in Ti-10Cr-V alloys. On the other hand, in Ti-10Cr-Mo alloys, elongation increases with an increase in the Mo content, in spite of the decrease in number of bands observed by optical microscopy. In general, the plastic deformation mode varies from twinning to slip with an increase in the β stability of metastable β-type titanium alloys. 15, 16, 19, 30) As mentioned above, the {332}β<113>β mechanical twinning increases the plastic deformation strain, and thus the elongation sometimes deceases by switching the dominated plastic deformation mode from twinning to slip. 19, 30) However, when slip mixed with {112}β<111>β mechanical twinning including the deformation-induced ω phase dominates the plastic deformation mode, dislocation movement is restricted, causing a ductility deterioration. 23) In this case, the suppression of this type of mechanical twinning is effective to increase ductility by addition of more amount of β stabilizing element. 23) On the basis of analogy, the elongation of 6Mo is considered to be larger than that of 3Mo. 
Mechanical Properties
Conclusions
The microstructures and mechanical properties of ternary β-type Ti-10Cr-(V, Fe, Mo) alloys with self-tunable Young's moduli subjected to solution treatment and cold rolling were investigated. The following results were obtained.
(1) Band-like structures, which are considered to be {332}β<113>β mechanical twins, and deformation-induced ω phases are formed in alloys with certain chemical compositions. The number of bands increases with an increase in the cold-rolling reduction ratio. The band formation is likely to occur with an increase in the V content and with a decrease in the Mo content.
(2) The Young's modulus increases during cold rolling for all of the alloys examined in the present study. The increase in Young's modulus is considered to be caused by the deformation-induced ω phase transformation during cold rolling.
(3) The tensile strength decreases slightly and the elongation tends to increase with an increase in the alloying element contents, while the effect of the V and Mo contents on the trend in changing the number of mechanical twin is opposite. These tensile properties are derived from the complicated factors among the plastic deformation mode, the type of mechanical twinning, and the deformation-induced ω phase transformation, depending on the β stability and the kind of alloying element.
